Stromal fibroblasts regulate epithelial cell behavior through direct and indirect cell-cell interactions. To clarify the role of TGF-b signaling in stromal fibroblasts during mammary development and tumorigenesis, we conditionally knocked out the TGF-b type II receptor gene in mouse mammary fibroblasts (Tgfbr2 fspKO ). Tgfbr2 fspKO mice exhibit defective mammary ductal development, characterized in part by increased ductal epithelial cell turnover associated with an increase in stromal fibroblast abundance. Tgfbr2 fspKO mammary fibroblasts transplanted with mammary carcinoma cells promote growth and invasion, which is associated with increased activating phosphorylation of the receptors: erbB1, erbB2, RON, and c-Met. Furthermore, the increased receptor phosphorylation correlates with increased secretion of the cognate ligands by Tgfbr2 fspKO fibroblasts. Treatment of tumor cells with fibroblastconditioned medium leads to increased tumor cell proliferation and motility, which are blocked by addition of pharmacologic inhibitors of TGF-a signaling or neutralizing antibodies to macrophage-stimulating protein (MSP), HGF, or c-Met. These studies characterize a significant role for stromal TGF-b signaling in mammary tissue homeostasis and mammary tumor progression via regulation of TGF-a, MSP, and HGF signaling pathways.
Stromal fibroblasts regulate epithelial cell behavior through direct and indirect cell-cell interactions. To clarify the role of TGF-b signaling in stromal fibroblasts during mammary development and tumorigenesis, we conditionally knocked out the TGF-b type II receptor gene in mouse mammary fibroblasts (Tgfbr2   fspKO   ) . Tgfbr2 fspKO mice exhibit defective mammary ductal development, characterized in part by increased ductal epithelial cell turnover associated with an increase in stromal fibroblast abundance. Tgfbr2 fspKO mammary fibroblasts transplanted with mammary carcinoma cells promote growth and invasion, which is associated with increased activating phosphorylation of the receptors: erbB1, erbB2, RON, and c-Met. Furthermore, the increased receptor phosphorylation correlates with increased secretion of the cognate ligands by Tgfbr2 fspKO fibroblasts. Treatment of tumor cells with fibroblastconditioned medium leads to increased tumor cell proliferation and motility, which are blocked by addition of pharmacologic inhibitors of TGF-a signaling or neutralizing antibodies to macrophage-stimulating protein (MSP), HGF, or c-Met. These studies characterize a significant role for stromal TGF-b signaling in mammary tissue homeostasis and mammary tumor progression via regulation of TGF-a, MSP, and HGF signaling pathways.
Introduction
Development and maintenance of normal epithelial tissue requires a continuous exchange of signals within the surrounding stromal environment. Tissue fibroblasts comprise a major cell type in stroma, and their function in regulating blood vessel formation, extracellular matrix deposition, protease activity, and growth factor expression determines the differentiation states of many tissues including the mammary epithelium (Cunha and Hom, 1996; Silberstein, 2001; Simian et al., 2001; Haslam and Woodward, 2003) . Abnormal changes in the stromal environment can cause profound reactions in the mammary epithelium, contributing to transformation and malignancy (Wiseman and Werb, 2002; Kuperwasser et al., 2004) .
The impact of the stromal environment has been well demonstrated in the mammary gland. In early studies of breast cancer, it was shown that grafting of embryonic mammary mesenchymal tissue to adult mammary gland promoted tumor growth (Sakakura et al., 1981) . In vitro and in vivo studies showed that the presence of tumorderived fibroblasts accelerated mammary tumor growth and invasion in vivo, while fibroblasts from normal mammary tissue retarded tumor cell activity (Camps et al., 1990; Shekhar et al., 2001; Sadlonova et al., 2004) . These studies indicate that phenotypic changes in stromal fibroblasts significantly influence epithelial cell fate. Similar tumor-promoting effects of fibroblasts have been reported with malignant human and mouse prostate cells, melanoma, lymphoma, and bladder cancer cells (Leonard et al., 1987; Camps et al., 1990; Tuxhorn et al., 2002a) , indicating that stromal changes affect multiple tissues. In cancer patients, poor prognosis is often associated with desmoplasia, a protumorigenic phenotype characterized by an abundance of fibroblasts, remodeling of the ECM and induction of tumor angiogenesis (Wiseman and Werb, 2002; De Wever and Mareel, 2003) . Moreover, in breast cancer patients, upregulated secretion of motility factors and loss of heterozygosity of putative tumor suppressor genes in stromal cells have frequently been detected, indicating that genetic changes in the stroma may precede genotypic changes in the mammary epithelium (Schor et al., 1994; Moinfar et al., 2000) . As such studies indicate the significant contributions of stromal cells on tumor cell behavior, it would be of great interest to understand the molecular mechanisms governing stromal-epithelial interactions.
A number of studies have investigated the molecular mechanisms governing stromal-epithelial interactions and TGF-b signaling has emerged as one key regulator of these interactions. TGF-b signaling exerts multiple effects in both stromal and epithelial cells including inhibiting cell proliferation, promoting motility and regulating differentiation. All these cellular functions are achieved by binding of the TGF-b ligand to its cell surface type II receptor, which leads to recruitment and activation of its type I receptor and subsequent downstream signaling in the cytoplasm of multiple pathways including SMAD, MAPK and Rho pathways (Daniel et al., 2001; Pollard, 2001) . In vitro, TGF-b activates fibroblasts to a myofibroblast state, inducing production of growth factors, angiogenic factors, extracellular matrix (ECM) proteins and proteases Ihn, 2002; De Wever and Mareel, 2003) , a phenotype observed during desmoplasia. Overexpression in transgenic mice of a kinase-deficient TGF-b type II receptor (TbRII) in the mammary stroma results in mammary epithelial hyperplasia and increased hepatocyte growth factor (HGF) expression (Joseph et al., 1999) , while increased TGF-b expression and activity often correlates with the occurrence of desmoplasia (Hagedorn et al., 2001; Lei et al., 2002; Tuxhorn et al., 2002b) . As previous studies have shown a connection between TGF-b signaling to increased desmoplasia and tumor malignancy, the TGF-b signaling pathway in stromal fibroblasts has been a suggested target in cancer therapies. However, the functions and mechanisms of stromal-derived TGF-b signaling have remained poorly defined. Recent studies in our laboratory investigated the effects of stromal-epithelial interactions in the prostate and forestomach by conditionally inactivating expression of the TbRII in fibroblasts through deletion of exon 2 of the Tgfbr2 gene. Crossing transgenic mice expressing Cre under the control of the fibroblastspecific protein 1 (FSP1 or S100A4) promoter with mice homozygous for Floxed Tgfbr2 (Tgfbr2 flox/flox ) generated progeny deficient in stromal TbRII expression (Tgfbr2 fspKO ). While Tgfbr2 fspKO mice did not exhibit phenotypic changes in lung, liver, and kidney tissues, they consistently developed squamous cell carcinoma of the forestomach and prostatic intraepithelial neoplasia (Chytil et al., 2002; Bhowmick et al., 2004) . These observations indicate that suppression of fibroblastic TGF-b signaling may impair normal epithelial cell fate of specific tissue types.
As the role for TGF-b signaling in fibroblasts on mammary development and tumor progression remained unclear, we characterized the in vivo and in vitro effects of TbRII-deficient fibroblasts on the mammary epithelium. Female Tgfbr2 fspKO mice exhibit severe defects in mammary gland development, including increased ductal epithelial cell turnover and increased fibroblast abundance. Mammary carcinoma cells coimplanted with Tgfbr2 fspKO fibroblasts in vivo exhibited increased tumor growth and invasion associated with increased tumor cell survival, proliferation, and tumor angiogenesis. Furthermore, we demonstrate that loss of TGF-b signaling in fibroblasts results in increased TGFa, macrophage-stimulating protein (MSP), and HGF production, activating pathways that contribute to increased malignant tumor cell proliferation and motility in vivo and in vitro. Our studies provide strong evidence that inhibiting TGF-b signaling in stromal fibroblasts may serve to alter stromal-epithelial paracrine signaling interactions in mammary tissues and enhance mammary tumor progression. Therefore, it is important to thoroughly understand the function of TGF-b signaling in tumor progression and its role in stromal-epithelial interactions in order to design new drugs with improved effectiveness and specificity. Cre-mediated recombination in fibroblasts was determined by PCR analyses of DNA extracted from the mammary stromal tissue of Tgfbr2 fspKO and control mice. Stromal tissue was micro-dissected by laser capture from mammary tissue sections as indicated by arrowheads. Left and right panels indicate before and after laser capture microdissection, respectively. DNA, extracted for PCR analysis, was used to address recombination of the Tgfbr2 allele in the mammary stroma of Tgfbr2 fspKO mice, as indicated by arrowheads. The positive control was generated using DNA extracted from PyVmT cells containing floxed Tgfbr2 and expressing Cre under the control of the MMTV promoter. (d) Recombination of Tgfbr2 alleles in cultured mammary fibroblasts was verified by PCR. (e) Specificity of FSP.Cre-mediated recombination was determined by PCR analyses of DNA extracted from mammary stromal (S) and epithelial (E) tissue of Tgfbr2 fspKO mice. Epithelial tissue was microdissected by laser capture from mammary tissue sections as indicated by arrowheads and subjected to PCR analyses for recombination of the Tgfbr2 allele. Left and right panels indicate before and after laser capture microdissection, respectively. The positive control was generated using DNA extracted from PyVmT cells containing floxed Tgfbr2 and expressing Cre under the control of the MMTV promoter. (f) Specificity of recombination of Tgfbr2 alleles was confirmed by PCR analyses on DNA extracted from cultured mammary fibroblasts and epithelial cells. The positive control was generated using DNA extracted from PyVmT cells containing floxed Tgfbr2 and expressing Cre under the control of the MMTV promoter. The negative control was generated using DNA extracted from PyVmT cells containing floxed Tgfbr2 and not expressing Cre (Figure 2b ). These results suggest that Tgfbr2 deletions blocked autocrine TGF-b signaling, resulting in increased fibroblast proliferation.
To further examine the effects of stromal-specific Tgfbr2 deletions on mammary development, we analysed the ductal epithelium for changes in cell proliferation and apoptosis. By immunostaining for the cell proliferation marker Ki67, we observed a statistically significant 1.8-fold increase in proliferation in the ductal epithelial cells in Tgfbr2 fspKO mammary glands, while Ki67 staining was significantly decreased (1.4-fold) in the terminal end buds (Figure 2c ). Analyses of apoptosis by caspase 3 immunostaining revealed a corresponding 2.5-fold increase in apoptosis in ductal epithelium with knockout of Tgfbr2 in fibroblasts (Figure 2d ). There was no significant difference in caspase 3 staining in the terminal end buds between the knockout and control mice. These results suggested that loss of TGF-b signaling in the stroma altered paracrine signaling to the mammary epithelium, leading to increased cell turnover of the ductal epithelium and decreased proliferation of terminal end bud epithelium. It was not possible to carry out studies of the effect of Tgfbr2 deletion on mammary tumor formation in vivo because the Tgfbr2 fspKO die at about 8 weeks of age, likely due to the forestomach carcinomas (24). Therefore, we characterized Tgfbr2 fspKO mammary fibroblast in culture and examined their effect growth and behavior on mammary carcinoma cell line xenograft models.
Homozygous Tgfbr2 deletion in fibroblasts inhibits responsiveness to TGF-b
Fibroblast cell lines were generated by spontaneous immortalization of primary mammary fibroblasts and clonal populations of fibroblasts were obtained that were 100% recombined. By Southern blot analyses, recombination efficiencies of the floxed Tgfbr2 alleles in primary and immortalized (heterogeneous) Tgfbr2 
Tgfbr2
fspKO fibroblasts promote mammary carcinoma growth and invasion in vivo
To address the role of TGF-b signaling by stromal cells on mammary tumor progression, we utilized mammary carcinoma cells, which were derived from transgenic mice overexpressing polyomavirus middle T antigen (PyVmT) under the control of the MMTV promoter. PyVmT tumor formation is rapid, and histologically analogous to human breast cancers, making it a good model in which to study mammary tumor progression (Guy et al., 1992; Cardiff, 2001a; Cardiff et al., 2001b; Maglione et al., 2001) . Moreover, PyVmT mammary carcinoma cells have been shown to mimic the clinical behavior of human breast cancer cells including invasion Role of TGF-b signaling in stromal-epithelial interactions N Cheng et al and metastasis into multiple tissues (Guy et al., 1992; Lin et al., 2003) . To prevent the potential interference of endogenous host fibroblasts, these PyVmT cells were implanted with either Tgfbr2 fspKO or Tgfbr2 flox/flox fibroblasts under the renal kidney capsules of nude mice, a site shown to be largely devoid of fibroblasts (Cunha et al., 2000) . In the absence of fibroblasts, grafting of PyVmT tumor cells under the renal kidney capsule (Table 1) . By H&E staining, we detected an increase in tumor invasion into the kidney parenchyma of PyVmT cells grafted with Tgfbr2 fspKO fibroblasts ( Figure 4a ). To determine whether these effects were restricted specifically to the PyVmT cell line, the 4T1 mouse mammary carcinoma cell line (Aslakson and Miller, 1992) was also grafted with Tgfbr2 fspKO or Tgfbr2 flox/flox fibroblasts under the renal capsule. An approximately twofold increase in tumor mass of 4T1 cells grafted with Tgfbr2 fspKO cells (data not shown) was observed, indicating that the effects of Tgfbr2 fspKO stromal cells on mammary tumor growth were not restricted to the specific genetic background of PyVmT cells, but may represent a more global regulatory mechanism on tumor growth. Taken together, these data suggest that, in the absence of TGF-b signaling, stromal fibroblasts interact with tumor cells to enhance growth and invasion.
Previous studies have indicated the possibility that myofibroblasts can originate from multiple cell types including bone marrow-derived cells, smooth muscle pericytes, and myoepithelial cells, which contribute to tumor progression (Ronnov-Jessen et al., 1995) . Therefore, we investigated the possibility that host cells contributed to the formation of the stromal compartment during tumor formation. Tgfbr2 fspKO or Tgfbr2 flox/ flox fibroblasts were labeled with a flourochrome dye (CMFDA), which permits visualization of these cells by fluorescence microscopy, and were grafted with PyVmT tumor cells under the renal capsule. Tumors harvested 30 days post-implantation were analysed by histology and fluorescence microscopy. As shown in Figure 4b , the majority of the cells in the stromal compartment were composed of CFMDA-labeled fibroblasts, indicating that exogenous fibroblasts most likely contributed to tumor growth. To further determine the effects of Tgfbr2 fspKO fibroblasts on PyVmT tumor growth, we performed histological analyses to measure tumor cell proliferation, 
Tgfbr2 fspKO fibroblasts increase receptor phosphorylation of erbB, RON and c-Met receptor kinases in tumor cells
As an increase in tumor growth suggested possible changes in paracrine signaling between Tgfbr2 fspKO fibroblasts and tumor cells, we examined for changes in biochemical signaling pathways in PyVmT tumor cells. The erbB family has been shown to play a prominent role in mammary tumor progression, and studies have reported a potential role for the c-Met receptor kinases in stromal-epithelial interactions (Joseph et al., 1999; Pollard, 2001; Wiseman and Werb, 2002; Gorska et al., 2003; Roskoski, 2004; Wang et al., 2004) . As shown in Figure 6a , PyVmT tumor cells grafted with Tgfbr2 fspKO fibroblasts exhibit an increase (relative to those grafted with Tgfbr2 flox/flox fibroblasts) in phosphorylation levels of erbB2 and erbB1, co-receptors for members of the EGF receptor family, as well as cMet protein and RON, receptors for the members of the HGF ligand superfamily. The data suggest that Tgfbr2 fspKO fibroblasts promote tumor growth by upregulating activity of growth factor receptors.
We then determined whether the enhanced receptor kinase activity was due to increased ligand secretion by fibroblasts. Fibroblast-conditioned medium was assayed for expression of TGF-a, ligand for the erbB receptor family, as well as HGF and MSP, ligands for c-Met and Ron receptors, respectively. By ELISA assay ( Figure  6b-d) , we found that Tgfbr2 fspKO fibroblasts express higher levels of TGF-a, MSP, and HGF than Tgfbr2 TGF-b signaling in fibroblasts mediates TGF-a, MSP, and HGF signaling to regulate mammary tumor cell proliferation and migration
To determine the relative contribution of EGF, MSP, and HGF receptor signaling in regulating tumor cell activity, we examined the effects of fibroblast-conditioned medium on PyVmT cell proliferation by 3 [H]thymidine incorporation and motility by wounding assay. As shown in Figure 7 , PyVmT cells cultured with conditioned medium from Tgfbr2 fspKO fibroblasts led to a significant increase in cell proliferation and motility, compared to treatment with conditioned medium from Tgfbr2 flox/flox fibroblasts. A significant decrease in PyVmT cell proliferation and motility was observed upon addition of the EGF receptor tyrosine kinase inhibitor gefitinib (IRESSA, ZD1839) (Wakeling et al., 2002) to the conditioned medium from Tgfbr2 fspKO fibroblasts as well as from Tgfbr2 flox/flox fibroblasts. Further, upon addition of MSP, HGF or c-Met receptor neutralizing antibodies to fibroblast-conditioned medium, we detected a significant decrease in PyVmT cell proliferation and motility induced by conditioned medium from Tgfbr2 fspKO fibroblasts, as well a modest decrease in proliferation and motility induced by conditioned medium from Tgfbr2 flox/flox fibroblasts. Flow cytometry analysis of propidium iodide-stained PyVmT cells indicated that gefitinib did not affect cellular apoptosis, but inhibited PyVmT cell proliferation induced by fibroblast-conditioned medium by inhibiting the cell cycle (data not shown). These data are consistent with the 3 [H]thymidine incorporation experiments, indicating a role for EGFR signaling in tumor cell proliferation. These results indicate that TGF-b signaling in fibroblasts mediates tumor cell growth and motility via a network of multiple signaling pathways, including HGF, MSP, and EGF-related ligands.
Discussion
Epithelial cells communicate with the stromal microenvironment through complex interacting signals among (Mueller and Fusenig, 2002; Wiseman and Werb, 2002; De Wever and Mareel, 2003) in part by altering paracrine signaling interactions between the stromal cells and epithelium. There is mounting evidence that TGF-b signaling in fibroblasts can regulate tumor growth in mouse models, as well as in human tissues (Wiseman and Werb, 2002; De Wever and Mareel, 2003; Kuperwasser et al., 2004) ; however, the effects and molecular mechanisms of TGF-b signaling in fibroblasts on mammary tumor progression have remained undefined. In this report, we demonstrate Figure 5 PyVmT grafted with Tgfbr2 fspKO cells exhibit increased tumor angiogenesis, increased proliferation and decreased apoptosis. Tumor tissue was harvested 30 days post grafting, formalin fixed and subjected in immunohistochemical staining for (a) Ki67 (b) apoptotic nuclei by TUNEL and (c). CD31 expression as indicated by arrowheads. Quantitation of CD31 immunostaining was determined by measuring pixel density using Scion Image Software of five fields of two sections per sample (n ¼ 18). Quantitation of Ki67 and TUNEL immunostaining were determined by counting number of peroxidase stained nuclei over the total number of hematoxylin-stained nuclei in five fields of two sections per sample (n ¼ 18). Scale bars represent 40 mm. Quantitation of PyVmT cells grafted with immortalized heterogeneous fibroblasts is depicted here. Statistical significance was determined by Poisson regression Role of TGF-b signaling in stromal-epithelial interactions N Cheng et al that suppression of the TGF-b response in stromal fibroblasts alter stromal-epithelial interactions via the TGF-a, MSP, and HGF signaling networks to disrupt normal mammary development and enhance tumor growth and cell motility. Increased expression of TGFa and MSP by fibroblasts in response to loss of TGF-b signaling has not been reported previously, and the finding of increased HGF expression confirms the data from a recent report on stromal-epithelial interactions in the prostate and forestomach (Bhowmick et al., 2004) . The data indicate that increased expression of multiple growth factors by the Tgfbr2 fspKO fibroblasts is responsible for the striking effects these cells have on tumor progression. Further, these findings suggest that stromal TGF-b signaling possess dual roles in normal mammary development and tumor progression similar to the dual role found in epithelial TGF-b signaling Derynck et al., 2001; Akhurst, 2002; Tang et al., 2003) .
In contrast to the mammary tumor growth-promoting effects of Tgfbr2 fspKO fibroblasts, normal mammary ductal development was severely impaired in female Tgfbr2 fspKO/fspKO mice. We did detect a significant reduction in adipocytes, an increase in the number of fibroblasts, and an increased ductal epithelial cell turnover, suggesting that loss of TbRII in fibroblasts impaired normal activity of multiple cell types, along with altering paracrine signaling interactions between 
-test
Role of TGF-b signaling in stromal-epithelial interactions N Cheng et al the stroma and epithelium. It is possible that a part of the mammary gland phenotype, such as reduced ductal elongation, is due to nutritional impairment secondary to the forestomach carcinomas. However, Tgfbr2 fspKO mice maintaining the same size and weight of nonknockout littermates still demonstrated the mammary gland phenotype described. As shown in Figure 3 , Tgfbr2 fspKO fibroblasts do not respond to TGF-b inhibition of cell proliferation; therefore, it is not surprising that deficiency of TbRII would result in increased growth of fibroblasts. As a subpopulation of mammary stromal cells expressed an FSP1 promoter and therefore Cre protein in Tgfbr fspKO mice, it likely that this subset of stromal cells would be responsible for the increased numbers of fibroblasts. The increased levels of growth factor secretion by Tgfbr2 fspKO fibroblasts are one likely mechanism responsible for increased ductal epithelial cell turnover, and previous studies have documented opposing regulatory mechanisms between TGF-b and HGF in the mammary epithelium (Pollard, 2001; Liu, 2004) . It is also possible that Tgfbr2 fspKO fibroblasts may express growth inhibitory factors responsible for retarded ductal outgrowth; expression profiling between Tgfbr2 flox/flox andTgfbr2 fspKO fibroblasts is currently underway to further identify genetic and phenotypic due to loss of TGF-b signaling in fibroblasts.
It is interesting to note that the composition of the stroma was severely affected in Tgfbr2 fspKO mice. Normally, the mammary stroma is composed predominantly of adipocytes and fibroblasts (Cunha and Hom, 1996) . The inverse proportion of adipocytes and fibroblasts in Tgfbr2 fspKO mice suggests that TGF-b signaling may play a role in the differentiation of the mesenchyme during embryonic development. As FSP1 promoter activity has been shown to be active as early during embryonic day 8 in mesenchymal tissues (Strutz et al., 1995) , it is possible that inhibition of TGF-b signaling in early mesenchymal tissues would affect differentiation of the fat pad precursor and mammary mesenchyme. These possibilities would be consistent with previous studies showing that TGF-b signaling regulates adipocyte and fibroblast differentiation in vitro. It is likely that the decreased numbers of adipocytes would also affect mammary gland development as adipocytes have been shown to secrete numerous growth factors and store steroid hormones influencing the mammary epithelium (Gregoire, 2001 ). Moreover, studies have shown that adipocyte tissue regulates mammary ductal outgrowth in vivo (Couldrey et al., 2002) and alveolar morphogenesis in vitro (Zangani et al., 1999) . The decreased numbers of adipocytes would likely affect paracrine signaling interactions among adipocytes, fibroblasts, and the flox/flox and Tgfbr2 fspKO clonal fibroblasts was determined by two-tailed Student's t-test. P-value significance is indicated by * Role of TGF-b signaling in stromal-epithelial interactions N Cheng et al mammary epithelium. Thus, the combined effects of stemming from increased fibroblast growth and decreased adipocyte formation would severely retard epithelial ductal outgrowth and morphogenesis. While the mechanisms of fibroblast-adipocyte and adipocyteepithelial interactions remain largely unclear, it would be of great interest in the future to further study these cellular interactions to further elucidate the mechanisms of mesenchymal differentiation during development, in particular the role of TGF-b signaling plays in the mesenchyme during mammary gland development.
Studies have shown cooperation between TGF-b and H-Ras as well as TGF-b and chemical carcinogens in the induction of mammary and hepatocellular carcinomas (Bottinger et al., 1997; Kanzler, 2001; Tang et al., 2003) . Similarly, upon grafting Tgfbr2 fspKO fibroblasts with PyVmT cells, it is possible that the increased growth factor secretion from Tgfbr2 fspKO fibroblasts synergizes with the PyVmT, which transforms mammary epithelium through a number of pathways including: shc, src, PI-3 kinase, erbB, and cyclin D1 pathways (Guy et al., 1992; Webster et al., 1998; Lin et al., 2003) , to enhance tumor growth and invasion. Tumor growth may also have been enhanced by increased blood vessel density due to the elevated levels of HGF and TGF-a, both of which possess potent angiogenic properties (Grotendorst et al., 1989; Zhang et al., 2003) . Moreover, preliminary studies on the effects of Tgfbr2 fspKO fibroblasts on mammary metastasis indicate a possible increase in tumor cell intravasation and lung metastases. These results suggest that loss of TGF-b signaling in fibroblasts promotes tumor progression via multiple signaling mechanisms.
As such, our studies demonstrate that the increase in mammary tumor growth and invasion by Tgfbr2 fspKO fibroblasts is mediated by TGF-a, MSP, and HGF signaling pathways. Increases in protein levels of TGFa, MSP, and HGF secreted by Tgfbr2 fspKO fibroblasts correlated with increased phosphorylation of their respective receptor activity in tumor cells in vivo. To further elucidate the relative contributions of TGF-a-, MSP-, and Ron-mediated signaling pathways, in vitro studies involving treatment of PyVmT tumor cells with fibroblast-conditioned medium were performed. In such studies, we demonstrate that the elevated levels of growth factor secretion by Tgfbr2 fspKO fibroblasts enhance tumor cell proliferation and migration; such contributions are abolished by addition of EGFR tyrosine kinase inhibitor or neutralizing antibodies to MSP and HGF and its c-Met receptor to the conditioned medium. While the relevance of erbB signaling in cancer has long been established (Graf and Beug, 1983; Maguire and Greene, 1989) , these present studies characterize mechanisms of erbB signaling in the context of stromal-tumor interactions which have previously been unclear. The potent inhibition of PyVmT cell proliferation and migration caused by treatment with the EGFR inhibitor gefitinib indicates that an increase in erbB signaling significantly contributes to tumor growth and motility induced by Tgfbr2 fspKO fibroblasts. As the PyVmT antigen has been shown to upregulate erbB receptor expression (Webster et al., 1998) , the elevated levels of TGF-a supplied by Tgfbr2 fspKO likely enhance tumor growth and invasion through increased erbB signaling. Since TGF-a can activate erbB2 and the EGF receptor tyrosine kinase inhibitor gefitinib has been shown to also block phosphorylation of erbB2 (Moulder et al., 2001) , the effect of the small-molecule inhibitor could reflect inactivation of both erbB1 and erbB2. We also detected similar findings with HGF as addition of neutralizing antibodies to HGF and its receptor c-Met reduces tumor cell proliferation and migration induced by conditioned medium from Tgfb2 fspKO fibroblasts. These results are consistent with previous reports in which HGF-c-Met activity is upregulated in tissues where TGF-b activity is downregulated, most notably during mammary gland development where stromal tissues secrete HGF to regulate mammary ductal outgrowth (Pepper et al., 1995) , and in mammary hyperplasia (Joseph et al., 1999) . Our studies thus indicate that loss of TGF-b in fibroblast signaling leads to increased HGF-c-Met signaling via increased ligand expression to mediate mammary tumor cell growth and invasion. In a related manner, expression of another member of the HGF ligand family, MSP, is mediated by TGF-b signaling in fibroblasts. While the MSP has been shown to regulate macrophage activity during inflammatory events (Leonard and Skeel, 1979; Skeel and Leonard, 1994) , much less is known about the signaling mechanisms of MSP and RON in tumor progression. Through in vivo studies and conditioned medium experiments, we demonstrate that loss of TGF-b signaling in fibroblasts results in increased RON signaling in mammary tumor cells contributing to tumor cell growth and motility. Crosstalk between RON and cMet has been reported in ovarian cancer cell lines (Wang et al., 2002) The strikingly different effects of Tgfbr2 fspKO fibroblasts on normal and transformed mammary epithelium suggest complex dual roles of fibroblastic TGF-b signaling in regulating mammary epithelial cell behavior as both growth promoting and growth suppressive. Disruption of mammary gland development in Tgfbr2 fspKO mice suggests that normal TGF-b signaling in fibroblasts functions to promote normal epithelial outgrowth via strict regulation of paracrine-signaling interactions between the stroma and epithelium. Our data suggest that suppression of TGF-b signaling in fibroblasts lead to higher levels of growth factors which would contribute to de-regulation of growth and apoptotic regulatory signals to the mammary epithelium, leading to retarded epithelial growth. Moreover, these findings suggest that while suppression of TGF-b signaling in fibroblasts lead to increased levels of growth factors, these changes are not sufficient to transform normal mammary epithelium to invasive carcinoma, as was detected in the forestomach of Tgfbr2 fspKO mice (Bhowmick et al., 2004) . Instead, suppression of TGF-b signaling in fibroblasts would require synergism with additional mutations, such as alterations in the growth and apoptotic pathways as detected in PyVmT tumor cells to promote mammary tumor growth. As autocrine TGF-b signaling in the epithelium during mammary tumor progression has been shown to be both tumor suppressive and tumor promoting Derynck et al., 2001) , our findings suggest similar roles of growth suppression and promotion of fibroblastic TGF-b signaling in mammary tumor progression. Taken together, the effects of targeting TGF-b signaling in fibroblasts may not only be tissue specific but may depend on the transformative state of the epithelium.
In summary, our studies characterize mechanisms of fibroblastic TGF-b signaling in mammary tumor growth and invasion. We are currently investigating other possible mechanisms affected by changes in the genetic profile of Tgfbr2 fspKO fibroblasts, including possible changes on extracellular matrix deposition and protease activity. It is of current interest to investigate the use of TGF-b inhibitors to block cancer progression in the field of molecular therapeutics (Wiseman and Werb, 2002; Siegel and Massague, 2003; Sun, 2004 ). Our studies demonstrate the complexities of the TGF-b signaling network in regulating stromal-epithelial interactions. Further understanding of the complex, multiple effects of TGF-b in both the stroma and tumor cells will facilitate the development and appropriate use of cancer therapies targeting the TGF-b pathways.
Materials and methods

Mouse strains and maintenance
Female nude (nu/nu) mice were obtained from Harlan Mutant Mouse Research Center (North Carolina). FSP.GFP mice of BalbC background have been described (Iwano et al., 2002) . Rosa26 lacZ reporter mice carry lacZ genes that were conditionally silenced by spliced donor sequences flanked by lox P sites (Soriano, 1999) . Rosa26 Cre reporter mice were generated by crossing Rosa26 lacZ reporter mice (C57/Bl6 background) with FSP.Cre mice (CF57/Bl6 background). Animals positive for the lacZ transgene and for the Cre gene were identified by PCR analysis of genomic DNA from tail biopsy. The following primers were used to distinguish between WT and silenced lacZ genes: 5 0 -AAAGTCGCTCT-GAGTTGGTTAT-3 0 , 5 0 -GCGAAGAGTTGTCCTCAACC-3 0 and 5 0 -GGAGCGGGAGAAATGGATATG-3 0 (Soriano, 1999) . The following primers were used to identify the Cre gene: 0 -ACTTCTG-CAAGAGGTCCCCT-3 0 , while the presence of the Cre gene was identified using primers described above. The Tgfbr2 fspKO.GFP mice (C57BL/6) were generated by initially crossing Tgfbr2 flox/flox mice (C57BL/6) with FSP.GFP mice (Balb/C) for three generations. Animals homozygous for Floxed Tgfbr2 gene and positive for GFP were then crossed with animals homozygous for the Tgfbr2 gene and positive for the Cre gene to generate Tgfbr2 fspKO.GFP progeny. Tgfbr2 fspKO.GFP mice were identified by PCR analyses for the presence of homozygous Floxed Tgfbr2 genes (primers described above), Cre genes (primers described above), and GFP genes. The following primers were used to identify GFP: 5 0 -GTGATTTGGGTCATGCTCAG-3 0 and 5 0 -GAAA-CAGCTCCTCGCCCTTGC-3 0 (Iwano et al., 2002) . These animals were maintained in accordance with AAALC and Vanderbilt University guidelines.
Laser capture microdissection and PCR analyses
Cre-mediated recombination in mammary stromal tissue was assessed by laser capture dissection of mammary stromal tissue and PCR analyses of extracted DNA. Briefly, 10 mM sections were prepared from paraffin-embedded mammary tissues from Tgfbr2 fspKO or Tgfbr2 flox/flox mice, deparaffinized in xylenes and alcohols, and then stained in eosin. Stromal tissue was then micro-dissected by laser using the PixCell s IIe Capture Microdissection system (LCM) and DNA was extracted by PicoPure DNA extraction kit (Arcturus, Mountain View, CA, USA) according to the manufacturer's protocol. Cre-mediated recombination of exon 2 of the Tgfbr2 gene was assessed by PCR using the following primers: 5 0 -AGGGAT-GAATGGGCTTGCTT-3 0 and 5 0 -CTCACCTCAGAGCCT-GATTA-3 0 .
Fibroblast and tumor cell culture
Primary fibroblasts were isolated from the thoracic and inguinal mammary glands from 6-week-old Tgfbr2 flox/flox and Tgfbr2 fspKO mice using a modified protocol as described (Bitzer et al., 2000) . Fibroblasts were cultured onto 10 mm dishes coated with rat tail collagen type I (BD Biosciences, Palo Alto, CA, USA) in DMEM/F12 medium containing 5% adult bovine serum (ABS), for a minimum of three passages prior to in vitro and in vivo studies. PyVmT cells were isolated from PyVmT transgenic mice on an FVB genetic background as described (Medina and Kittrell, 2000) . Briefly, mammary tumors from MMTV-PyVmT mice were digested in collagenase and hyalorinidase and cultured on plastic in DMEM media containing 2% ABS with antibiotics. Cultured cells were differentially trypsinized to exclude stromal cells and cultured in DMEM/2% ABS to exclude the survival of stromal cells. The identity and purity of PyVmT tumor cells was confirmed by immunofluoresence staining for PyVmT expression.
Generation of immortalized fibroblasts
Floxed TbRII and Tgfbr2 fspKO fibroblasts were immortalized as described (Tolstonog et al., 2001) . Primary Tgfbr2 fspKO and Tgfbr2 flox/flox fibroblasts were maintained in DMEM/F12/5% ABS on collagen-coated plates at complete confluency for an extended period of time before subpassage. This procedure was repeated until the cells underwent senescence; the cells were maintained through subsequent blast crises and were allowed to double over time. Immortalization of fibroblasts was determined by their ability to overcome cell-cell contact inhibition of proliferation, attachment and survival on plastic, and by their ability to survive in low-serum or serum-free conditions. A heterogeneous population of immortalized cells was analysed by Western blot analysis for expression of smooth muscle actin and vimentin and assayed for TGF-b responsiveness, as described below. Clonal populations of fibroblasts were obtained by FACS sorting of individual cells into 96-well plates. Tgfbr2 flox/flox and Tgfbr2 fspKO fibroblasts were distinguished by PCR to identify the presence of: Floxed Tgfbr2 (primers described above), Cre (primers described above), and to identify recombination of the Floxed Tgfbr2 alleles.
Southern blot analysis
Recombination of the Tgfbr2 allele was assessed by Southern blot analysis in cultured mammary fibroblasts isolated from Tgfbr2 flox/flox and Tgfbr2 fspKO mice according to the methods described by Chytil et al. (2002) .
Cell proliferation
Fibroblast cell proliferation was measured by [ 3 H]thymidine incorporation and by manual cell counting. To assay 3 [H]thymidine incorporation, fibroblasts (20 000) were plated per well in 24-well plates (Nalge NUNC International, Rochester, NY, USA), starved for 24 h in growth-factordeprived media, then incubated in DMEM/F12/5% ABS in the presence or absence of 5 ng/ml TGF-b1 (R&D systems), treated with 1 mCi [ 3 H]dTh for 24 h, and then assayed for 3 [H]thymidine incorporation using a beta scintillation counter. To manually count cells, fibroblasts were plated and treated with TGF-b as described above, trypsinized, then counted by a hemocytometer at 0, 24 and 48 h. Measurements represent the mean number of cells per field by a hemocytometer.
Assessment of tumor progression
Grafting of collagen-embedded cells was performed according to the methods of Hayward et al. (1998) . Briefly, 1 Â 10 5 PyVmT cells were re-suspended together with 2.5 Â 10 5 Tgfbr2 fspKO or Tgfbr2 flox/flox fibroblasts in 50 ml of collagen for one graft. The collagen-embedded cells were cultured in DMEM/F12 5% ABS for 24 h and then implanted under the renal capsule layer of the kidneys in female nude mice, 8-10 weeks of age. Tumor tissues were collected 30 days postimplantation, and weighed. Statistical significance was assessed by two-tailed, paired Student's t-test.
Histology
Mammary tissue from Tgfbr2
flox/flox and Tgfbr2 fspKO mice were subjected to whole-mount staining according to the methods by Medina and Kittrell (2000) . Briefly, mammary gland tissue was fixed in 4% paraformaldehyde at 41C overnight and dehydrated in 70, 95, and 100% ethanol for 1 h each at 41C. The tissue was then subjected to treatment in acetone, 100 and 95% ethanol, stained with hematoxylin for 3 h, and then dehydrated in 70, 90, and 100% ethanol, and 100% xylene.
To visualize b-galactosidase activity in Rosa26 Cre reporter mice, mammary tissue from tissue was fixed in 0.2% glutaraldehyde for 1 h at 41C, permeabilized in PBS buffer containing 2 mM MgCl 2 , 0.01% sodium deoxycholate, and 0.02% NP-40 for 45 min, and then stained with PBS buffer containing 5 mM potassium ferricyanide and 5 mM potassium ferrocyanide, and 5 mg/ml X-gal for 12 h at 301C. The treated tissue was further fixed in 4% paraformaldehyde for 1 h, dehydrated in 70% ethanol, embedded in paraffin, and sectioned to 5 mm thickness. Sections were counterstained with neutral Red.
To visualize GFP expression in FSP.GFP mice, mammary gland tissue was extracted, fixed in 4% paraformaldehyde 41C overnight, and dehydrated in 70, 95, and 100% ethanol for 1 h each at 41C. The tissue was then paraffin embedded, sectioned to 5 mm thickness and counterstained with Hoescht dye. GFP expression was visualized by immunofluoresence microscopy.
Immunohistochemistry
Paraformaldehyde-fixed mammary tissues and tumor tissues were immunoperoxidase stained for cleaved caspase 3 (Cell Signaling Technologies), Ki67 (Pharmingen), and CD31 expression (Pharmingen) by the Vanderbilt Histology Core Facility. Apoptosis in tumor sections was analysed by TUNEL (Intergen) and visualized by peroxidase staining (Vectastain Elite kit, Vector Laboratories). Sections were counterstained with hematoxylin. Blood vessel density was calculated by determining the relative area of CD31-positive staining in at least five fields at Â 20 magnification, while proliferative and apoptotic indices were calculated by determining the relative area of positive stained cells to total number of cells in at least five fields at Â 20 magnification using Scion Image software. Statistical significance was determined by Poisson Regression by the Vanderbilt Biostatistics Core Facility.
Western blot analyses
Grafts containing PyVmT and fibroblasts were lysed in RIPA buffer supplemented with a protease inhibitor cocktail containing leupeptin, aprotinin, and pepstatin (Sigma, St Louis, MS, USA) and sodium orthovanadate (Sigma). In all, 50 mg of protein were fractionated on 8-12% SDS-PAGE gels. The proteins were transferred to nitrocellulose membranes and then probed with antibodies (1 : 1000) to the phosphorylated and unphosphorylated forms of c-Met (Cell Signaling Technologies, Beverly, MA, USA), erbB1 (Cell Signaling Technologies), erbB2 (Cell Signaling Technologies), and RON (Santa Cruz Biotechnologies). Specific immunoreaction was detected using IgG antibodies conjugated to horseradish peroxidase (Amersham Pharmacia Biotechnology, Arlington Heights, IL, USA) and ECL Plus chemiluminesence (Amersham Pharmacia Biotechnology). Data are a representation of three independent samples per cell type.
Flourochrome labeling of cells
To label fibroblasts with the green flourochome CMFDA (Molecular Probes, Eugene, OR, USA), 250 000 fibroblasts were plated in a 6 mm dish for 24 h, washed with PBS, and then labeled with 3 mM CMFDA for 45 min in PBS at 371C. Excess dye was removed by extensive washing with PBS and fibroblasts were re-incubated with complete medium for a minimum for 4 h before recombining with PyVmT cells for subrenal graft assays.
Determination of TGF-a, MSP, and HGF levels
Immortalized and primary cultures of fibroblasts from Tgfbr2 flox/flox and Tgfbr2 fspKO mammary glands were grown in 10 mm plates in DMEM/F12 media containing 5% ABS and antibiotics. At 80% confluency, the cells were incubated in 4 ml per plate of DMEM/F12 media containing 0.1% ABS for 24 h. The conditioned medium was concentrated in YM80 Centricon (Amicon Millipore, Billerica, MA, USA) filtration units and assayed for HGF, MSP, and TGF-a by ELISA (R&D systems). Statistical significance was determined by two-tailed Student's t-test.
Assessment of PyVmT-cell proliferation
PyVmT (20 000 cells) were cultured in 24-well plates and treated with fibroblast-conditioned medium from Tgfbr2 flox/flox and Tgfbr2 fspKO clonal fibroblasts in the presence or absence of 100 nM gefitinib or 500 ng/ml of neutralizing antibodies to HGF, c-Met, or MSP (R&D systems) for 24 h. Cells were then treated with 1 mCi of 3
[H]thymidine and incubated for another 24 h before assaying for 3 [H]thymidine incorporation. Experiments were repeated in triplicate using three different Tgfbr2 flox/flox and Tgfbr2 fspKO clonal fibroblast cell lines. Results of conditioned medium from one Tgfbr2 flox/flox and one Tgfbr2 fspKO cell line are depicted here and are representative of all cell lines examined. Statistical significance was determined by two-tailed Student's t-test.
Assessment of PyVmT-cell migration
PyVmT (20 000 cells) were cultured in 24-well plates and treated with fibroblast-conditioned medium from Tgfbr2 flox/flox and Tgfbr2 fspKO clonal fibroblasts in the presence or absence of 100 nM gefitinib (kindly provided by Plan Wakeling, Astrazeneca Pharmaceuticals) and 500 ng/ml of neutralizing antibodies to HGF, c-Met, and MSP (R&D systems) for 12 h. A vertical wound was made to the cells with a sterile pipet tip and phase-contrast images were taken of each sample at 0 and 12 h. 
